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Abstract
We study the radiative leptonic D meson decays of D+(s) → l+νlγ (l = e, µ, τ), D0 →
νν¯γ and D0 → l+l−γ (l = e, µ) within the light front quark model. In the standard model,
we find that the decay branching ratios of D+(s) → e+νeγ, D+(s) → µ+νµγ and D+(s) → τ+ντγ
are 6.9× 10−6 (7.7× 10−5), 2.5× 10−5 (2.6× 10−4), and 6.0× 10−6 (3.2× 10−4), and that
of D0 → l+l−γ (l = e, µ) and D0 → νν¯γ are 6.3× 10−11 and 2.7× 10−16, respectively.
1 Introduction
In the standard model, flavor changing neutral current (FCNC) decays of D mesons
are predicted to be very rare. Such processes are forbidden at the tree level but can occur
at higher loop level. On the other hand, these rare decays make a good chance to probe
for new physics [1]. Recently, the new experimental limits with the range 10−4 to 10−5
for FCNC decays of the charm mesons were obtained at Fermilab E791, E771 and CLEO
II [2, 3, 4].
As we known, the two-body leptonic decays of D mesons of D → lil¯j (li,j = e, µ, ν)
are helicity suppressed. Explicitly, in the standard model, the decay branching ratios of
D+(s) → e+νe , µ+νµ , τ+ντ andD0 → l+l− are 1.0×10−8 (9.5×10−8), 4.7×10−4 (9.5×10−3),
1.2 × 10−3 (4.2 × 10−2) and O(10−19), respectively, while that of D0 → νν¯ is zero. It is
clear that the rates for the modes of D → li l¯i (li = e, µ, ν) are too small to be measured
due to the helicity suppression as well as Glashow-Iliopoulos-Maiani (GIM) mechanism
effect [5].
To avoid the helicity suppression, we will consider three body decays such as D+ →
l+νlγ and D
0 → l+l−γ with a photon radiated from charged particles. The ampli-
tudes of the decays can be divided into the “internal-bremsstrahlung” (IB) parts and
the “structure-dependent” (SD) parts. Since the photon is emission from the external
charged leptons, IB parts are still helicity suppressed for the light charged lepton modes,
while in SD one of the photon is emitted from intermediate states that they are free of the
helicity suppression. Therefore, the decay rates of D+ → l+νlγ and D0 → l+l−γ ( l = e, µ
) might have an enhancement with respect to the purely leptonic modes of D+ → l+νl
and D0 → l+l−, respectively.
It has been pointed out that the heavy flavor decays can be analyzed with the help
of heavy quark effective theory. For charmed decays, this is questioned since the charm
quark mass is not much larger than the QCD scale. Therefore, we will use the light
front quark model [6, 7, 8, 9, 10, 11] to evaluate the hadronic matrix elements in D → γ
transitions. These decay modes have been studied in various models [12, 13, 14]. It is
known that as the recoil momentum increases, we have to start considering relativistic
effects seriously. The light front quark model [7] is the widely accepted relativistic quark
model in which a consistent and relativistic treatment of quark spins and the center-
of-mass motion can be carried out. In this work, we calculate form factors in D → γ
directly at time-like momentum transfers by using the relativistic light-front hadronic wave
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function. The parameters in the wave function are determined from Refs. [7, 8, 9]. Within
the framework of light-front quark model for decay processes, one may calculate hadronic
matrix elements in the frame where the transfer momentum is purely longitudinal, i.e,
p⊥ = 0 and p
2 = p+p−, which covers the entire range of the momentum transfers. We will
give their the momentum dependence in whole kinematics region of 0 ≤ p2 ≤ p2max.
The paper is organized as follows. In Sec. 2, we study the form factors of D →
γ transitions within the light front framework. We present the decay amplitudes and
calculate the decay branching ratios of D+(s) → l+νlγ, D0 → νν¯γ and D0 → l+l−γ in
Sec. 3, 4 and 5, respectively. In Sec. 6, the conclusion is given.
2 Form factors of D → γ transitions
To evaluate the Du → γ transition , one needs to consider the following currents:
Jµ = u¯γµ(1− γ5)c
T µ = u¯iσµνpν(1 + γ5) c , (1)
where p is the momentum transform, Du = u¯c and u stands for the light quark such as
a d-quark or u-quark or s-quark so that Dd ≡ D+, Du ≡ D0 and Ds ≡ D+s , respectively.
Our main task is to calculate the hadronic matrix elements for D → γ transitions, which
can be parametrized as:
〈γ(qγ)|u¯γµγ5c|D(p+ qγ)〉 = −e FA
MD
[
(p · qγ)ǫ∗µ − (ǫ∗ · p)qγµ
]
,
〈γ(qγ)|u¯γµc|D(p+ qγ)〉 = ie FV
MD
εµαβνǫ
∗αpβqνγ , (2)
〈γ(qγ)|u¯iσµνpνγ5c|D(p+ qγ)〉 = ieFTAǫν(p · qγgµν − pνqγµ),
〈γ(qγ)|u¯iσµνpνc|D(p+ qγ)〉 = eFTV εµβρλǫβqργpλ, (3)
where the ǫµ is the photon polarization vector, qγ and p + qγ are photon and D meson
four momenta and FA, FV , FTA and FTV are the form factors of axial-vector, vector,
axial-tensor and tensor, respectively.
In the light front approach, the physically accessible kinematics region is 0 ≤ p2 ≤
p2max = M
2
D due to the time-like momentum transfers. The Du meson bound state in light-
front quark model consists of an anti-quark u¯ and a quark c with the total momentum
2
(p+ qγ). It can be expressed by:
|D(p+ qγ) > =
∑
λ1λ2
∫
[dk1][dk2]2(2π)
3δ3(p+ qγ − k1 − k2)
× Φλ1λ2D (x, k⊥)b+u¯ (k1, λ1)d+c (k2, λ2)|0 > , (4)
where k1(2) is the on-mass shell light front momentum of the internal quark u¯(c), the light
front relative momentum variables (x, k⊥) are defined by
k+1 = x(p + qγ)
+ , k1⊥ = x(p+ qγ)⊥ + k⊥ , (5)
and
Φλ1λ2D (x, k⊥) =
(
2k+1 k
+
2
M20 − (mu −mb)2
) 1
2
u (k1, λ1) γ
5v (k2, λ2)φ(x, k⊥) , (6)
with φ(x, k⊥) being the momentum distribution amplitude. The amplitude of φ(x, k⊥) can
be solved in principles by the light-front QCD bound state equation [7, 8, 9]. However,
we use the Gaussian type wave function:
φ(x, k⊥) = N
√
dkz
dx
exp

− ~k2
2ω2D

 , (7)
where
[dk1] =
dk+dk⊥
2(2π)3
, N = 4
(
π
ω2D
) 3
4
,
kz =
(
x− 1
2
)
M0 +
m2c −m2u
2M0
, M20 =
k2
⊥
+m2c
x
+
k2
⊥
+m2u
1− x ,∑
λ
u(k, λ)u(k, λ) =
m+ 6k
k+
,
∑
λ
v(k, λ)v(k, λ) = −m− 6k
k+
. (8)
For the gauged photon state, one has: [15]
|γ(qγ) > = N ′
{
a+(qγ , λ) +
∑
λ1λ2
∫
[dk1][dk2]2(2π)
3δ3(qγ − k1 − k2)
× Φλ1λ2λqq¯ (qγ, k1, k2)b+q (k1, λ1)d+q¯ (k1, λ2)
}
|0 > , (9)
where
Φλ3λ4λqq¯ (qγ , k1, k2) =
eq
ED
χ+
−λ2
{
−2q⊥ · ǫ⊥
q+
− γ⊥ · ǫ⊥γ⊥ · k2⊥ −m2
k+2
−γ⊥ · k1⊥ −m1
k+1
γ⊥ · ǫ⊥
}
χλ1 , (10)
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with
ED =
q2γ⊥
q+γ
− k
2
1⊥
+m21
k+1
− k
2
2⊥
+m22
k+2
. (11)
To calculate the matrix elements of the Eqs. (2) and (3), we choose a frame with the
transverse momentum p⊥ = 0. The p
2 = p+p− ≥ 0 covers the entire range of the mo-
mentum transfers. By considering the “good” component µ = +, the hadronic matrix
elements of Eqs. (2) and (3) can be rewritten as:
< γ(qγ)|u++γ5c+|D(p+ qγ) > = −ie
FA
2MD
(ǫ∗
⊥
· qγ⊥) p+ ,
< γ(qγ)|u++c+|D(p+ qγ) > = e
FV
2MD
ǫijǫ∗i qγjp
+ , (12)
and
< γ(qγ)|(u++γ0γ5c− − u+−γ0γ5c+)|D(p+ qγ) > = eFTA (ǫ∗⊥ · qγ⊥) ,
< γ(qγ)|(u++γ0c− − u+−γ0c+)|D(p+ qγ) > = −ieFTV ǫijǫ∗i qγj , (13)
where u+(c+) and u−(c−) are the light-front up and down components of the quark fields,
and they have the two-component forms:
q+ =
(
χ
0
)
, (14)
and
q− =
1
i∂+
(iα⊥ · ∂⊥ + βmq)q+
=
(
0
1
∂+
(σ˜⊥ · ∂⊥ +mq)χq
)
, (15)
respectively.
In Eq. (15), χq is a two-component spinor field and σ is the Pauli matrix. The form
factors FV,A and FTV,TA in Eqs. (12) and (13) are then found to be:
FA(p
2) = −4MD
∫ dx d2k⊥
2(2π)3
Φ
(
x′, k2
⊥
) 1
1− x′
×
{
2
3
mb −Bk2⊥Θ
m2c + k
2
⊥
− 2
3
mu − Ak2⊥Θ
m2u + k
2
⊥
}
, (16)
FV (p
2) = 4MD
∫
dx d2k⊥
2 (2π)3
Φ
(
x′, k2
⊥
) 1
1− x′{
2
3
mc + (1− x′)(mc −mu)k2⊥Θ
m2c + k
2
⊥
+
2
3
mu − x′ (mc −mu) k2⊥Θ
m2u + k
2
⊥
}
, (17)
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FTA(p
2) =
∫
dx d2k⊥
2(2π)3
Φ
(
x′, k2
⊥
)
×
{
2
3
A1 + A2 k
2
⊥
Θ
m2c + k
2
⊥
+
2
3
B1 +B2 k
2
⊥
Θ
m2u + k
2
⊥
}
, (18)
FTV (p
2) = −
∫
dx d2k⊥
2 (2π)3
Φ
(
x′, k2
⊥
)
×
{
2
3
C1 + C2 k
2
⊥
Θ
m2c + k
2
⊥
+
2
3
D1 +D2 k
2
⊥
Θ
m2u + k
2
⊥
}
, (19)
where
A = (1− 2x)x′(mc −mu)− 2xmu ,
B = 2(1− x)x′mc + (1− 2x)(1− x′)mu ,
A1 =
2
xx′2(1− x′)(1− x)
{
(x′ + x− 2x′x) [x′(x− 1)− x(2x− 1)] k2
⊥
+x [(x− x′) + 2x′x(1− x)]m2c + 2x2(1− x′)2mcmu
}
,
A2 =
2(x− x′)
xx′2(1− x′)(1− x)
{
(x′ + x− 2x′x)(1− 2x)k2
⊥
+2x(1− x′)mumc − x(1 − 2x)(1− x′)2m2u + x′(1 + x′x− 2xx′2)m2c
}
,
B1 =
2
x′x(1− x)(1− x′)2
{
(x′ + x− 2x′x)(1− 2x+ 2x2 − x′x)k2
⊥
+2xx′(1− x′)(1− x)mumc + (1− x′)(x′ + x− 4x′x+ 2x′x2)m2u
}
,
B2 =
2(x− x′)
x′x(1− x)(1− x′)2
{
− (x′ + x− 2x′x)(1− 2x)k2
⊥
−
[
(1− 2x)x′2(1− x)m2c + (1− x′)(x′ + x− 3x′x− 2x2(1− x′))m2u
]}
,
C1 =
2
xx′2(1− x′)(1− x)
{
(x− x′ + xx′)(x′ + x− 2x′x)k2
⊥
−2x2(1− x′)2mcmu + x′
[
(x− x′)− 2(1− x′)x2
]
m2c
}
,
C2 =
2(x− x′)
xx′2(1− x′)(1− x)
{
(x′ + x− 2x′x)k2
⊥
+ x′(1− 2x+ xx′)m2c
−m2qx(1 − x′)2 − 2x(1− x′)mumc
}
,
D1 =
2
x(1− x)x′(1− x′)2
{
− (1− x)(1− 2x+ x′)(x′ + x− 2x′x)k2
⊥
−
[
(1− x′)(x′ + x− 2x2 − 2x′x+ 2x2x′)m2u + 2x′2(1− x)2mumc
] }
,
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D2 =
2(x− x′)
x′(1− x)x(1 − x′)2
{
(x′ + x− 2x′x)k2
⊥
+ x′2(1− x)m2c
+(1− x′)(x′ − x− x′x)m2u
}
,
Φ(x, k2
⊥
) = N
(
2x(1− x)
M20 − (mu −mc)2
)1/2√
dkz
dx
exp

− ~k2
2ω2D

 ,
Θ =
1
Φ(x, k2
⊥
)
dΦ(x, k2
⊥
)
dk2
⊥
,
x′ = x
(
1− p
2
M2D
)
, ~k = (~k⊥, ~kz) . (20)
To illustrate numerical results, we input mu = 0.3, mc = 1.4, and ω = 0.5 in GeV .
The form factors of FV,A and FTV,TA are shown in Figures 1 and 2, respectively.
3 D+(s) → l+νlγ
3.1 Matrix elements and kinematics
In this work, we investigate the decays of D+q → l+νlγ (q = d, s). The effective
Hamiltonian for c→ q lνl at the quark level in the standard model has been obtained by
using similar results for b→ q lνl
Heff(c→ q lνl) = GF√
2
Vcq q¯γµ(1− γ5)c ν¯lγµ(1− γ5)l . (21)
From Eq. (21), due to the emissions of real photons that the decay amplitude of D+q →
l+νlγ can be written as
M = MIB +MSD, (22)
MIB = i
GF√
2
VcqfDmlǫ
∗
µD
µ, (23)
MSD = −iGF√
2
VcqǫαLβH
αβ , (24)
where MIB and MSD represent the amplitudes from the IB and SD contributions, respec-
tively, and
Dµ = u¯(pν)(1 + γ5)(
pµ
p · q −
2pµl + 6qγµ
2pl · q )v(pl, sl), (25)
Lβ = u¯(pν)γβ(1− γ5)v(pl, sl), (26)
Hαβ = e
FA
MD
(−gαβp · q + pαqβ) + ie FV
MDu
ǫαβµνqµpν , (27)
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with fD(s) being the D(s) decay constants, ǫµ and sl the four vectors of the photon po-
larization and charged lepton, and p, pl, pν , and q the four momenta of D
+
(s), l, ν and γ,
respectively. The physics allowed region of D+(s) → l+νlγ is
m2l ≤ p2 ≤M2D(s) . (28)
To describe the kinematics of D+(s) → l+νlγ, one needs two variables, for which we define
xγ = 2Eγ/MD(s) and y = 2El/MD(s). We write the physics region for xγ and y as:
0 ≤ xγ ≤ 1− rl , (29)
1− xγ + r
1− xγ ≤ y ≤ 1 + rl , (30)
where
rl =
m2l
M2D
=


7.1× 10−8 for l = e
3.2× 10−3 for l = µ
0.9 for l = τ
(31)
for D+ → l+νlγ and
rl =
m2l
M2Ds
=


6.4× 10−8 for l = e
2.8× 10−3 for l = µ
0.8 for l = τ
(32)
for D+s → l+νlγ.
3.2 Decay rates
In the D+q (q = d or s) rest frame, the partial decay rate is found by [16]
dΓ =
1
(2π)3
1
8MDq
|M |2 dEγdEl . (33)
Using xγ and y, from Eq. (33) we obtain the differential decay rate as
d2Γl
dxγdy
=
MD
256π3
|M |2 = MDq
256π3
e2G2FV
2
cq(1− λ)A, (34)
and
A = AIB(xγ, y) + ASD(xγ , y) + AIN(xγ , y) , (35)
AIB(xγ , y) =
4m2l |fDq |2
λx2γ
[
x2γ + 2(1− rl)
(
1− xγ − rl
λ
)]
, (36)
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ASD(xγ, y) = M
4
Dqx
2
γ
[
|FV + FA|2 λ
2
1− λ
(
1− xγ − rl
λ
)
+ |FV − FA|2(y − λ)
]
, (37)
AIN(xγ , y) = −4MDqm2l
[
Re[fDq(FV + FA)
∗]
(
1− xγ − rl
λ
)
− Re[fDq(FV − FA)∗]
1− y + λ
λ
]
, (38)
where λ = (xγ + y − 1 − r)/xγ. In Figures 3 and 4, we show the differential branching
ratios of D+ → µ+νµγ and D+s → µ+νµγ as functions of the photon energies, where we
have used md = 0.3 GeV , ms = 0.4 GeV , mc = 1.5 GeV , |Vcd| ≃ 0.22, |Vcs| ≃ 0.974,
ω = 0.5 GeV , τD+s ≃ 0.467 ps, τD+ ≃ 1.05 ps and fD = fDs = 230 MeV [16, 17]. We get
the integrated branching ratios of D+ and D+s → l+νlγ (l = e, µ, τ) in Tables 1 and 2.
Table 1: Integrated branching ratios for the radiative leptonic D+ decays
Integrated Decay Ref.
Branching Ratios IB SD IN Sum [14]
106B(D+ → e+νeγ) 1.0× 10−3 6.9 6.2× 10−5 6.9 82
106B(D+ → µ+νµγ) 17.2 6.8 6.2× 10−1 24.6 −
106B(D+ → τ+ντγ)
(Cut δ = 0.01) 5.6 1.3× 10−6 3.7× 10−1 6.0 −
Table 2: Integrated branching ratios for the radiative leptonic D+s decays
Integrated Decay Ref. Ref.
Branching Ratios IB SD IN Sum [14] [13]
105B(D+s → e+νeγ) 1.1× 10−3 7.7 6.8× 10−5 7.7 90 17
105B(D+s → µ+νµγ) 17.8 7.5 7.1× 10−1 26.0 − 17
105B(D+s → τ+ντγ)
(Cut δ = 0.01) 30.7 1.8× 10−3 1.7 32.4 − −
We now compare our results with Refs. [13, 14]. As shown in Tables 1 and 2, our
result are much smaller than that in Ref. [14] but close to the values in Ref. [13]. We
note that for the µ and τ channels the IB contributions are dominant since D-mesons are
not very heavy.
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4 D0 → νν¯γ
4.1 Matrix elements and kinematics
For the processes of D0 → νlν¯lγ (l = e, µ, τ), at the quark level, they arise from the box
and Z-penguin diagrams that contribute to c → uνlν¯l with the photon emitting from
the charged particles in the diagrams. However, when the photon line is attached to the
internal charge lines such as the W boson and quark lines, there is a suppression factor
of m2c/M
2
W in the Wilson coefficient in comparing with those in c→ uνlν¯l. Thus, we need
only to consider the diagrams with the photon from the external quarks. The effective
Hamiltonian for c→ u νl ν¯l is given by
Heff(D
0 → νlν¯lγ) = GF√
2
α
2π sin2 θW
∑
i=d,s,b
VuiV
∗
ciD(xi)u¯γµ(1− γ5) cν¯lγν(1− γ5)νl , (39)
where
D(xi) =
1
4
[
x2i − xi + 3
xi − 1 +
3(xi − 2)
(1− xi)2 xi ln xi
]
, (40)
and xi = m
2
i /M
2
W with mi (i = d, s, b) being the current quark masses. We note that in
Eqs. (39) and (40), only the leading contributions have been included and the additional
αs correction to the result, which are small [18].
4.2 Decay amplitude
From the effective Hamiltonian for c→ u νl ν¯l of Eq. (39) and the form factors defined in
Eq. (12), we can write the amplitude of D0 → νlν¯lγ as
M = −ieGF√
2
α
2π sin2 θW
∑
i=d,s,b
VuiV
∗
ciD(xi)ǫ
∗
µH
µν u¯(pν¯)γµ(1− γ5)v(pν) , (41)
with
Hµν =
FA
MD
(−p · qγ gµν + pµqγν) + iǫµναβ FV
MD
qαγ p
β . (42)
where MD is the mass of D
0 and the form factors are given by Eqs. (16) and (17).
Similar to the decays discussed in the previous subsection, we also define xγ = 2Eγ/MD
and y = 2Eν¯/MD in the D-meson rest frame in order to re-scale the energies of the
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photon and anti-neutrino. By integrating the variable y in the phase space, we obtain the
differential decay rate of D0 → νν¯γ as
dΓ
dxγ
= 2α
(
GFα
16π2 sin2 θW
)2
(|FA|2 + |FV |2)
∑
i=d,s,b
|VuiV ∗ci|2D2(xi)x3γ(1− xγ)M5D , (43)
where we have included the three generations of neutrinos.
Using mc = 1.4 GeV , mu = 300 MeV , and ω = 0.5, the differential decay branching
ratio dB(D0 → νν¯γ)/dxγ as a function of xγ = 2Eγ/MD is shown in Figure 5 and the
integrated decay branching ratio is
B(D0 → νν¯γ) = 2.7× 10−16 . (44)
It is easy to see that in the standard model the branching ratio of D0 → νν¯γ is too
small to be measured experimentally. However, a large branching ratio may be induced
by new physics such as the leptoquark model [19].
5 D0 → l+l−γ
5.1 Matrix elements and kinematics
The contribution to the process of D0 → l+l−γ (l = e or µ) arises from the effective
Hamiltonian that induces the pure leptonic mode of D0 → l+l−. The short distance con-
tribution for c → u l+l− comes from the W -box, Z-boson and photon penguin diagrams,
and the effective Hamiltonian is given by
L = − GFα
2
√
2π sin2 θW
∑
i=d,s,b
VuiV
∗
ci
{
F 1i u¯γµPLc l¯γ
µ(1− γ5)l + F 2i u¯γµPLc l¯γµ(1 + γ5)l
− 2F
3
i sin
2 θW
p2
mcu¯ iσµνp
νPRc l¯γ
µl
}
, (45)
where PL,R =(1∓γ5)/2, and p is the momentum transfer which is equal to the momentum
of the lepton pair. The Wilson coefficients F 1i , F
2
i , F
3
i can be found in Refs. [18, 20] and
one has
F 1i = C
1
i + C
2
i − sin2 θW (C3i + 2C2i ) ,
F 2i = − sin2 θW (C3i + 2C2i ) ,
F 3i = −Q
([
−1
4
1
xi − 1 +
3
4
1
(xi − 1)2 +
3
2
1
(xi − 1)3
]
xi − 3
2
x2i ln xi
(xi − 1)4
)
+
[
1
2
1
xi − 1 +
9
4
1
(xi − 1)2 +
3
2
1
(xi − 1)3
]
xi − 3
2
x3i ln xi
(xi − 1)4 , (46)
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where xi = m
2
i /M
2
W with mi (i = d, s, b) being the current quark masses. The coefficients
of C1i , C
2
i and C
3
i are given by
C1i =
3
8
[
− 1
xi − 1 +
xi ln xi
(xi − 1)2
]
− γ(ξ, xi) ,
C2i =
xi
4
− 3
8
1
xi − 1 +
3
8
2x2i − xi
(xi − 1)2 ln xi + γ(ξ, xi) ,
C3i = Q
([
1
12
1
xi − 1 +
13
12
1
(xi − 1)2 −
1
2
1
(xi − 1)3
]
xi
+
[
2
3
1
xi − 1 +
(
2
3
1
(xi − 1)2 −
5
6
1
(xi − 1)3 +
1
2
1
(xi − 1)4
)
xi
]
ln xi
)
−
[
7
3
1
xi − 1 +
13
12
1
(xi − 1)2 −
1
2
1
(xi − 1)3
]
xi
−
[
1
6
1
xi − 1 −
35
12
1
(xi − 1)2 −
5
6
1
(xi − 1)3 +
1
2
1
(xi − 1)4
]
xi ln xi − 2γ(ξ, xi) , (47)
and
γ(ξ, xi) =
1
ξxi − 1
(
3
4
1
xi − 1 +
1
8
1
ξxi − 1
)
xi ln xi − 1
8
1
ξ
1
ξxi − 1
×
[(
5ξ + 1
ξ − 1 −
1
ξxi − 1
)
ln ξ + 1
]
, (48)
where ξ is a gauge dependent parameter. The decay amplitude for D0 → l+l−γ can be
written as
M(D0 → l+l−γ) =MIB +MSD (49)
where MIB and MSD represent the IB and SD contributions, respectively. For the IB
part, the amplitude is clearly proportional to the lepton mass ml and it can be written
as:
MIB = −ie GFα
2
√
2π sin2 θW
∑
i=d,s,b
VuiV
∗
cifDml(F
2
i − F 1i )
[
l¯(
6ǫ 6PD
2p1 · qγ −
6PD 6ǫ
2p2 · qγ )γ5l
]
,(50)
where PD, p1, p2 and qγ , are the momenta of D, l
+, l− and photon respectively. The
amplitude for the SD part, where a photon is from the initial quark line, is given by
MSD = − GFα
2
√
2π sin2 θW
∑
i=d,s,b
VuiV
∗
ci
{
F 1i 〈γ(qγ)|u¯γµPLc|D(p+ qγ)〉l¯γµ(1− γ5)l
+ F 2i 〈γ(qγ)|u¯γµPLc|D(p+ qγ)〉l¯γµ(1 + γ5)l
− 2F
3
i mc sin
2 θW
p2
〈γ(qγ)|u¯ iσµνpνPRc|D(p+ qγ)〉l¯γµl
}
, (51)
which shows that to find the decay rate, one has to evaluate the hadronic matrix elements
in Eq. (51).
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Using Eqs. (2) and (3), we rewrite Eqs. (51) as:
MSD = GFα
2
√
2π sin2 θW
∑
i=d,s,b
VuiV
∗
ci
{
ǫµαβσǫ
∗αpβqσγ
[
A l¯γµl + C l¯γµγ5l
]
+ i
[
ǫ∗µ(p · qγ)− (ǫ∗ · p)qγ µ
] [
B l¯γµl +D l¯γµγ5l
] }
, (52)
where the factors of A-D are
A =
(F 1i + F
2
i )
MD
FV A(p
2)− 2F 3i
mc
p2
FTA(p
2) ,
B =
(F 1i + F
2
i )
MD
FV V (p
2)− 2F 3i
mc
p2
FTV (p
2) ,
C =
(F 2i − F 1i )
MD
FV A(p
2),
D =
(F 2i − F 1i )
MD
FV V (p
2), (53)
respectively.
5.2 Decay rates
The partial decay width for D0 → l+l−γ in the D0 rest frame is found to be:
dΓ =
1
2MD
|M|2(2π)4δ(P − p1 − p2 − qγ) d~q
(2π)32Eγ
d~p1
(2π)32E1
d~p2
(2π)32E2
, (54)
where the square of the matrix element is given by
|M|2 = |MIB|2 + |MSD|2 + 2Re(MIBM∗SD) . (55)
To describe the kinematics of D0 → l+l−γ, we define two variables of xγ = 2PD · qγ/MD
and y = 2PD · p1/MD. We write the transfer momentum p2 in term of xγ as:
p2 = M2D(1− xγ). (56)
The double differential decay rate is then found to be:
d2Γl
dxγdλ
=
MD
256π3
|M |2 = Cρ(xγ , λ), (57)
where
C = α
∑
i=d,s,b
|αVuiV
∗
ci
8π2
|2G2FM5D (58)
and
ρ(xγ , λ) = ρIB(xγ , λ) + ρSD(xγ, λ) + ρIN(xγ , λ), (59)
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with
ρIB = 4|fD(F 2i − F 1i )|2
rl
M2Dx
2
γ
{
x2γ − 2xγ + 2− 4rl
λ(1− λ) − 2rl(
1
λ2
+
1
(1− λ)2 )
}
,
ρSD =
M2D
8
x2γ
{
(|A|2 + |B|2)
[
(1− xγ + 2rl)− 2(1− xγ)(λ− λ2)
]
+(|C|2 + |D|2)
[
(1− xγ − 2rl)− 2(1− xγ)(λ− λ2)
]
+2Re(B∗C + A∗D)(1− xγ)(2λ− 1)
}
,
ρIN = fD(F
2
i − F 1i )rl
{
Re(A)
xγ
λ(1− λ) +Re(D)
xγ(1− 2λ)
λ(1− λ)
}
. (60)
Here λ = (xγ+y−1)/xγ and rl = m2l /M2D and the physical regions for xγ and λ are given
by:
0 ≤ xγ ≤ 1− 4rl ,
1
2
− 1
2
√
1− 4rl
1− xγ ≤ λ ≤
1
2
+
1
2
√
1− 4rl
1− xγ . (61)
In Figure 6 we present the differential decay rate of D0 → µ+µ−γ as functions of
xγ . From the figures we see that the contributions from soft photons, i.e the IB ones,
corresponding to small xγ region, are infrared divergence. To obtain the decay width of
D0 → l+l−γ, a cut on the photon energy is needed. The integrated branching ratios are
summarized in Table 3. Here, we have used the cut value of δ = 0.01 and mc = 1.5GeV ,
ms = 0.4 GeV and md = 0.3 GeV in the calculations of the form factors. We have also
used |VcdV ∗ud| = |VcsV ∗us| = 0.2145, |VcbV ∗ub| = 1.6 × 10−4, τ(D0) = 0.415 × 10−12 s [16] to
evaluate the numerical results.
Table 3: Integrated branching ratios for the radiative leptonic D0 decays
Integrated Decay
Branching Ratios IB SD IN Sum
1011B(D0 → e+e−γ) 1.3× 10−9 6.3 4.6× 10−4 6.3
1011B(D0 → µ+µ−γ) 1.9× 10−5 6.3 2.2× 10−3 6.3
We see that the decay branching ratios of the radiative leptonic decays of D0 → l+l−γ
are about eight orders of magnitude larger than that of the purely leptonic modes of
D0 → l+l− for l = e and µ, respectively.
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6 Conclusions
We have calculated the form factors of the D → γ within the light-front model and
used these form factors to evaluate the branching ratios of the leptonic D-meson radiative
decays. We have found that, in the standard model, the decay branching ratios of D+(s) →
e+νeγ, D
+
(s) → µ+νµγ and D+(s) → τ+ντγ are 6.9×10−6 (7.7×10−5), 2.5×10−5 (2.6×10−4),
and 6.0×10−6 (3.2×10−4), and that ofD0 → l+l−γ (l = e, µ) andD0 → νν¯γ are 6.3×10−11
and 2.7 × 10−16, respectively. Comparing with the purely leptonic decays of D0 → l+l−,
we have found that the rates of the corresponding radiative modes are several orders
of magnitude larger. We conclude that some of the radiative leptonic decays could be
measured in the BTeV/C0 experiment at Fermilab [21]. During Tevatron Run II, which
could reconstruct about 109 charm mesons decays and increase the upper limit of about
three orders.
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Figure Captions
Figure 1: The values of the form factors FV (solid curve) and FA (dashed curve) as
functions of the momentum transfer p2 for D+s → γ.
Figure 2: The values of the form factors FTV (solid curve) and FTA (dashed curve) as
functions of the momentum transfer p2 for D+s → γ.
Figure 3: The differential decay branching ratio dB(D+ → µ+νµγ)/dxγ as a function
of xγ = 2Eγ/MD.
Figure 4: The differential decay branching ratio dB(D+s → µ+νµγ)/dxγ as a function
of xγ = 2Eγ/MDs.
Figure 5: The differential decay branching ratio dB(D0 → νν¯γ)/dxγ as a function of
xγ = 2Eγ/MD.
Figure 6: The differential decay branching ratio dB(D0 → µ+µ−γ)/dxγ as a function
of xγ = 2Eγ/MD.
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Figure 1: The values of the form factors FA (solid curve) and FV (dashed curve) as
functions of the momentum transfer p2 for D+s → γ.
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Figure 2: The values of the form factors FTA (solid curve) and FTV (dashed curve) as
functions of the momentum transfer p2 for D+s → γ.
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Figure 3: The differential decay branching ratio dB(D+ → µ+νµγ)/dxγ as a function of
xγ = 2Eγ/MD.
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Figure 4: The differential decay branching ratio dB(D+s → µ+νµγ)/dxγ as a function of
xγ = 2Eγ/MD.
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Figure 5: The differential decay branching ratio dB(D0 → νν¯γ)/dxγ as a function of
xγ = 2Eγ/MD.
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Figure 6: The differential decay branching ratio dB(D0 → µ+µ−γ)/dxγ as a function of
xγ = 2Eγ/MD.
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